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A B S T R A C T
Purpose: Sonic Hedgehog (SHH) is a regulatory protein involved in bone fracture healing. Orthognathic
surgery involves surgical osteotomy of the mandible or maxilla to restore the proper anatomic and func-
tional position in patients with dentofacial deformity. The purpose of this study was to analyze SHH local
blood serum concentrations after osteotomy to gain further understanding of the molecular regulation
of the initial stage of osteotomy healing.
Methods: Serum samples (local drainage and peripheral venous) of 34 patients (24 females and 10males,
mean age was 23.4 (16–42) years) who underwent orthognathic surgery were isolated from patients at
different time points during the perioperative period. The levels of SHH, soluble receptor activator of nuclear
factor-κB ligand (sRANKL) and osteoprotegerin (OPG) were measured using ELISA.
Results: SHH was detected in the local drainage immediately after osteotomy (309.5 ± 58.2 pg/ml), and
decreased for 2 days after the operation (197.5 ± 43.6 pg/ml). The sRANKL local serum concentrations
were at the maximum level immediately after the operation (141.4 ± 22.6 pg/ml) and decreased for 2 days
(110.1 ± 23.4 pg/ml). On the other hand, the OPG concentration in the local serum was at a minimum
after osteotomy (59.4 ± 4.6 pg/ml) and reached its maximum (181.5 ± 17.8 pg/ml, P < 0.01) at 2 days after
osteotomy. SHH and OPG local serum levels on day 2 were associated with the amount of bleeding during
the operation. The local drainage serum level of SHH of maxillary/mandibular osteotomy had a tenden-
cy to be higher than that of mandible-only osteotomy at 2 days after operation.
Conclusions: Elevated levels of SHH in local serum after osteotomy, especially during the initial stage
of healing, indicates its importance in osteotomy healing.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Surgical Associates Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Mandibular osteotomy healing is a unique process that leads to
bone regeneration, and several cytokines and growth factors are
known to be involved in the critical initial stage of fracture healing.
However, local and systemic concentrations of certain factors during
the initial stage of mandible osteotomy are not well understood.
Fracture healing involves a delicate balance of bone formation
and resorption [1]. Sonic Hedgehog (SHH) is a regulatory protein
involved as a morphogen of embryonic development [2], fracture
healing [3] and socket healing after tooth extraction [4]. SHH in-
directly induces osteoclast formation by upregulating parathyroid
hormone-related peptide (PTHrP) [5] and receptor activator for
nuclear factor-κB ligand (RANKL) in osteoblasts and bone stromal
cells [6]. RANKL stimulates differentiation and maturation of os-
teoclasts, leading to bone resorption. Osteoprotegerin (OPG), a decoy
receptor of RANKL, is made by osteoblasts and blocks osteoclast for-
mation and bone resorption. Soluble RANKL (sRANKL) and OPG in
plasma and drainage ﬂuid is involved in the fracture-healing process
after surgical treatment of proximal humeral fracture [7]. However,
it is not yet established whether the local serum concentration of
SHH is increased after mandibular osteotomy.
In this study, we evaluated the local levels of SHH expression
after mandible osteotomy along with RANK and OPG expression for
better understanding of the role of SHH in the process of mandi-
ble osteotomy healing.
2. Materials and methods
2.1. Patients and specimens
Between 2012 and 2013, 34 patients (24 females and 10 males,
mean age 23.4 (16–42) years) were admitted to our institution for
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orthognathic surgery (22 maxillary/mandibular, 12 mandible-
only). Human serum from local drainage from the mandible
osteotomy and peripheral venous blood was isolated from pa-
tients at different time points during the perioperative period (local
drainage: day 0, 1, 2 and peripheral venous: day −1, 1, 3, 7). The pro-
tocols were reviewed and approved by The Human Research Ethics
Committee of OkayamaUniversity Graduate School of Medicine, Den-
tistry and Pharmaceutical Sciences (1327).
2.2. Serum measurements
Serum samples were stored after collection at −80 °C until
analysis. SHH concentrations in the serum were determined using
a sonic hedgehog N terminus (Human Shh-N) enzyme-linked
immunosorbent assay (ELISA) kit from RayBiotech (Norcross,
GA, USA). Total sRANKL (free and bound sRANKL) concentrations
in the serum were determined using a sandwich enzyme-linked
immunosorbent assay (ELISA) kit from BioVendor (Brno, Czech Re-
public). OPG concentrations in the serum were determined using
an enzyme-linked immunosorbent assay (ELISA) kit from RayBiotech
(Norcross, GA, USA). All measurements were performed in duplicate.
2.3. Statistical analysis
Data were analyzed using Tukey’s test or Spearman’s rank–
order correlation coeﬃcient. Results were expressed as means ± S.E.s
P values < 0.01 were considered to indicate statistical signiﬁcance.
3. Results
3.1. SHH, RANKL and OPG serum concentrations in patients with
mandible osteotomy
The SHH local serum concentration was 309.5 ± 58.2 pg/ml im-
mediately after osteotomy, and decreased time independently after
osteotomy (Fig. 1A, day 1, 258.8 ± 55.9 pg/ml; day 2, 197.5 ± 43.6 pg/
ml). sRANKL local serum concentrations remained unchanged during
the considered time points (Fig. 1B, immediately, after osteotomy,
141.4 ±22.6 pg/ml; day 1, 142.0 ±30.8 pg/ml; day 2, 110.1 ±23.4 pg/ml).
On the contrary, OPG local serum levels signiﬁcantly increased time-
dependently after osteotomy (Fig. 1C, day 1, 85.7 ± 10.5 pg/ml, P < 0.01;
day 2, 185.1 ± 17.8 pg/ml, P < 0.01).
3.2. Relationships of SHH, sRANKL and OPG local serum
concentrations with the amount of bleeding during surgery
SHH local serum concentrations of patients with osteotomywere
signiﬁcantly associated with the amount of bleeding during the
surgery on day 2 (Fig. 2A, r = 0.4415). At these time points, sRANKL
local serum concentrations were not correlated with the amount
of the bleeding (Fig. 2B). OPG local serum concentrations of pa-
tients were weakly related to the amount of bleeding on day 2, with
statistical signiﬁcance (Fig. 2C, r = 0.3062).
Fig. 1. Detection of SHH, sRANKL and OPG local drainage serum concentrations in
mandible osteotomy. SHH (A) sRANKL (B) and OPG (C) measurements in local drain-
age serum for each considered time point. Values shown are means and S.E.s.
Statistically signiﬁcant differences (*P < 0.01) between the indicated groups aremarked
by asterisks.
Fig. 2. Relationship between SHH, sRANKL and OPG local drainage serum concen-
trations and amount of bleeding during the surgery. The amount of bleeding and
the concentrations of SHH (A), sRANKL (B), and OPG (C) in local drainage serum for
each considered time point. Spearman’s rank–order correlation was used to iden-
tify the strength of the relationship between the amount of bleeding and the factor
measurements.
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3.3. Comparison of SHH, sRANKL and OPG local serum
concentrations in the bilateral mandible indwelling drain between
mandibular osteotomy and maxillary/mandibular osteotomy
Local SHH levels from the bilateral mandible indwelling drain
decreased time-dependently over 2 postoperative days in both
mandible-only osteotomy andmaxillary/mandibular osteotomy; the
SHH levels were 0.58 and 0.75 times lower than immediately after
osteotomy on days 1 and 2 individually (Fig. 3A). The local mandi-
ble drainage SHH levels of mandible-only osteotomy had a tendency
to be lower than that of maxillary/mandibular osteotomy in the 2
days after operation (immediately post-operation, 312.7 ± 75.8 and
386.8 ± 109.1 pg/ml; day 1, 269.0 ± 81.3 and 332.3 ± 104.4 pg/ml; day
2, 179.6 ± 61.3 and 288.7 ± 87.1 pg/ml), sRANKL levels remained sta-
tistically unchanged during the 2 postoperative days (Fig. 3B,
immediately post-operation, 170.7 ±41.8 pg/ml and 128.4 ±27.3 pg/ml;
day 1, 161.8 ± 52.7 and 133.2 ± 39.5 pg/ml; day 2, 143.2 ± 40.2 and
95.3 ± 28.8 pg/ml). Immediately after and day 1 after operation, OPG
levels remained statistically unchanged; however, on day 2 the local
drainage OPG levels were 3.2 times (mandibular osteotomy) and 3.1
times (maxillary/mandibular osteotomy) higher than the levels mea-
sured at immediately after operation (Fig. 3C, immediately post-
operation, 50.7 ± 7.7 vs. 64.2 ± 5.6 pg/ml; day 1, 74.3 ± 11.8 and
91.9 ± 15.0 pg/ml; day 2, 161.5 ± 23.1 and 198.0 ± 24.4 pg/ml.).
4. Discussion
In this study, we report the local serum concentrations of SHH
after mandibular osteotomy. Previous studies showed that numer-
ous local growth factors were involved in fracture healing [8,9]. The
results of those studies indicated that local growth factors are re-
leased into the peripheral circulation after fracture and are associated
with systemic reactions that might partly be attributed to bioactive
molecules [10].
SHH appears to be released immediately into local serum after
osteotomy (309.5 ± 58.2 pg/ml). However, at no time point do the
levels of SHH in peripheral blood statistically exceed pre-surgery
levels (pre-operation, 277.5 ± 52.3 pg/ml; day 1, 232.7 ± 52.3 pg/ml;
day 3, 281.8 ± 58.2 pg/ml; day 5, 238.9 ± 67.3 pg/ml). These results
indicate that no signiﬁcant alteration was observed in the system-
ic distribution of SHH for 1, 3 and 7 days. Increased expressions of
other growth factors such as TGF-β, PDGF, VEGF and M-CSF in pe-
ripheral blood early after fracture have been reported in other studies
[11]. The increases may partly be attributed to the absorption of
factors from the fracture site into the circulation in systemic re-
sponses [8]. The SHH concentration in local osteotomy sites
immediately after surgery were higher than that in peripheral blood,
indicating the local release of SHH during the immediate re-
sponse in the bone marrowmicroenvironment. The maximum local
serum SHH level in the early healing processes suggests that the
hedgehog pathway plays an important role in bone repair via en-
hancing differentiation of periosteal progenitors and that activation
of the hedgehog pathway at the onset of mandible healing could
be beneﬁcial for repair and regeneration [12].
The expression patterns of sRANKL and OPG are particularly en-
hanced in the bone-remodeling processes [13]. However, there are
few reports about the concentrations of RANKL and OPG in the os-
teotomy healing processes. OPG was signiﬁcantly increased in the
local serum for 1 and 2 days after osteotomy, indicating a high level
of activation of cells of the osteoblastic lineage [14]. However, we
found no signiﬁcant systemic distribution of OPG in the peripher-
al blood (before surgery: 29.8 ± 3.1 pg/ml; day 1, 28.1 ± 2.6 pg/ml;
day 3, 25.3 ± 2.4 pg/ml; day 7, 20.8 ± 2.4 pg/ml). On the contrary,
sRANKL showed a constant level in local serum after the surgery,
indicating that increasing the number of osteoblasts and progen-
itor cells is more important to the early healing processes than bone
resorption. On the contrary, sRANKL showed a tendency to in-
crease in the peripheral blood (before surgery: 174.2 ± 29.4 pg/ml;
day 1, 224.4 ± 52.6 pg/ml; day 3, 207.2 ± 33.84 pg/ml; day 7,
282.8 ± 40.1 pg/ml). The results suggested that sRANKL plays a more
important role in systemic bone metabolism than in the local os-
teotomy region in the early stage of bone healing.
Another question addressed in the study was whether SHH levels
differ according to the amount of bleeding during the operation and
the type of osteotomy. Data were collected for mandible-only os-
teotomy and maxillary/mandibular osteotomy. The local drainage
was set at the mandible region after the mandible osteotomy, which
is performed after the maxillary osteotomy in the latter case. There-
fore, the amount of bleeding depends on whether or not maxillary
osteotomy is performed. SHH local serum concentration on day 2
was statistically correlated with the amount of bleeding (r = 0.4415)
and the levels were higher in the group in which maxilla oste-
otomy preceded themandible osteotomy (Fig. 3A). On the other hand,
for SHH levels in the peripheral blood, no signiﬁcant difference was
recognized between the mandible-only osteotomy and maxillary/
mandibular osteotomy (data not shown). These results suggest that
the growth factors which stimulate SHH production weremost likely
produced from themaxilla after the osteotomy, and that these would
be strong candidates to reﬂect the upregulation of SHH in the local
serum concentration near the mandible. However, the levels of
growth factors such as PDGF, VEGF, IGF-I, and TGF-β were
Fig. 3. Comparison between mandibular osteotomy and maxillary/mandibular os-
teotomy in SHH, sRANKL and OPG local serum concentrations collected in the
indwelling drain of the bilateral mandible. SHH (A), sRANKL (B) and OPG (C) con-
centrations in local drainage serum after mandible-only osteotomy (solid bar) or
maxillary/mandibular osteotomy (open bar).
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observed after day 3 postoperation of bone fracture, not soon enough
to stimulate SHH [11].
The increase in circulating levels of sRANKL is signiﬁcantly cor-
related with the amount of bleeding (r = 0.6923), and this suggests
the possible role of sRANKL in systemic bone metabolism given the
invasiveness of an osteotomy. OPG shows no signiﬁcant correla-
tion with the amount of bleeding in the peripheral blood but is
signiﬁcantly related to local serum on day 2 (r = 0.3062). The OPG
local serum levels show a similar tendency to that of SHH, indicat-
ing that OPG expressionmight be regulated by SHH in the osteoblasts
at the osteotomy region [15].
In conclusion, our study can be considered the ﬁrst comprehen-
sive evaluation of SHH, sRANKL, and OPG levels during orthognathic
surgery mandible healing, which may provide clues to understand-
ing the molecular regulation involved; also, these biomarkers may
become tools to predict bone healing. Further investigation is needed
to clarify the role of SHH in relation to clinical outcomes of
orthognathic surgery.
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